Precisely controlling the protein-nanomaterial interactions at selective sites is crucial in engineering biomolecule composite architectures with tailored nanostructures and functions for a variety of biomedical applications. This strategy, however, is only beginning to be explored. Here, we demonstrate the facet-specific assembly of proteins, such as albumin, immunoglobulin and protamine, on {100} facets of SrTiO 3 polyhedral nanocrystals, while none on {110} facets. Molecular dynamics simulations indicate the immobile surface hydration layer might play a barrier role to effectively prevent proteins adsorption on specific {110} facets. This work thus provides new insights into the fundamentally understanding of protein-nanomaterial interactions, and open a novel, general and facile route to control the selective adsorption of various proteins on various nanocrystals. O ver the past decade, the use of nanoparticles in biological applications, such as drug deliver 1, 2 , biosensing 3, 4 , as well as medical imaging, has been experienced an explosion of scientific interest because of their intrinsic size-and facet-dependent properties as well as functional properties [3] [4] [5] . The small size of nanoparticles confers them high specific surface areas and penetrability through many biological pathways resulting in high interaction with biological structures. When nanoparticels enter a biological fluid (for example blood, human plasma or interstitial fluid), a process of non-specific adsorption of protein onto the surface of nanoparticles immediately occurs, thus forming a nanoparticle-protein corona, which affects how nanoparticles are internalized by cells and cleared from the body 6 . Therefore, rational design the nanoparticles can offer tremendous opportunities in terms of engineering the nanoparticle-protein interactions 7 . For example, monolayer-protected metal nanoparticles, with ligand shell, can regulate cell-membrane penetration by preventing non-specific adsorption of proteins 8, 9 . Polyethylene oxide-functionalized carbon nanotube-based biosensors have been used for selective recognition of target proteins 10 . In recent years, considerable efforts have been put into understanding the distribution of reacted sites for protein adsorption [11] [12] [13] . However, how to precisely and selectively engineer protein to a specific site is still a challenge.
O ver the past decade, the use of nanoparticles in biological applications, such as drug deliver 1, 2 , biosensing 3, 4 , as well as medical imaging, has been experienced an explosion of scientific interest because of their intrinsic size-and facet-dependent properties as well as functional properties [3] [4] [5] . The small size of nanoparticles confers them high specific surface areas and penetrability through many biological pathways resulting in high interaction with biological structures. When nanoparticels enter a biological fluid (for example blood, human plasma or interstitial fluid), a process of non-specific adsorption of protein onto the surface of nanoparticles immediately occurs, thus forming a nanoparticle-protein corona, which affects how nanoparticles are internalized by cells and cleared from the body 6 . Therefore, rational design the nanoparticles can offer tremendous opportunities in terms of engineering the nanoparticle-protein interactions 7 . For example, monolayer-protected metal nanoparticles, with ligand shell, can regulate cell-membrane penetration by preventing non-specific adsorption of proteins 8, 9 . Polyethylene oxide-functionalized carbon nanotube-based biosensors have been used for selective recognition of target proteins 10 . In recent years, considerable efforts have been put into understanding the distribution of reacted sites for protein adsorption [11] [12] [13] . However, how to precisely and selectively engineer protein to a specific site is still a challenge.
Some progresses for site-selective adsorption of protein on flat substrate have been reached by using traditional photolithographic processes 14 , which are not applicable to the nonplanar objects and challenging in scaling down the objects to submicrometer size scale 15 . Researchers have shown that size-related surface curvature and protein structure influence protein orientation on silica nanoparticles 16 . Bimetallic nanowires composed of gold and nickel segments functionalized with alkanethiols with terminal hexa(ethylene glycol) groups(EG 6 ) and palmitic acid, a 16-carbon fatty acid, respectively, have exhibited different fluorescence behavior when exposed to a fluorescently tagged protein. Intense fluorescence was only observed on the nickel segment of these wires. However, the localization of two functionalities on different regions of the nanowire cannot be easily mimicked with spherical nanoparticles 17 . Moreover, additional functionality means additional synthetic steps and costs, more complicated behavior and effects in vivo 18 . The spatial selective adsorption of protein on specific surfaces of a non-functional single nanoparticle has yet to be demonstrated. Nanocrystals with well-controlled shapes and selectively exposed facets could be a model system to better understand the mechanisms of nanoparticle-cell interactions.
Here we demonstrate the selective adsorption of proteins, such as bovine serum albumin (BSA), porcine immunoglobulin G (IgG) and salmine, on {100} facets of SrTiO 3 polyhedral nanocrystals, while none on {110} facets.
Results and discussions
Shape-controlled SrTiO 3 polyhedral nanocrystals are synthesized by using titanium tetrachloride (TiCl 4 ) aqueous solution and strontium chloride (SrCl 2 ) as the titanium precursor and strontium source, respectively, as well as 1,3-propanediol as a surfactant. Figure 1 presents scanning electron microscopy (SEM) images and the corresponding drawings of the SrTiO 3 polyhedral nanocrystals synthesized by varying 1,3-propanediol concentrations (Supplementary Figure  S1 shows low-magnification SEM images). By progressively increasing the concentration of 1,3-propanediol added to the reaction mixture solution (from 0 to 0.2 M, 0.6 M and 1 M), a systematic shape evolution from cube to truncated rhombic dodecahedron is successfully achieved. We consider that the mechanism behind these results can be explained by ''kinetic and thermodynamic modified Wulff constructions'' developed by Ringe, E. et al. 19 . The cube is bounded by six identical {100} facets while the truncated rhombic dodecahedron is bounded by six square {100} facets and twelve hexagonal {110} facets, which are confirmed by transmission electron microscopy (TEM) and selected-area electron diffraction (SAED) analysis (Supplementary Figure S2) . The average particle sizes for the cube and truncated rhombic dodecahedron are 238 nm, 228 nm, 183 nm and 177 nm with relative standard deviations of 11%, 12%, 8% and 7%, respectively (Supplementary Figure S1 ).
Supplementary Figure S3 shows X-ray diffraction (XRD) spectra of the four samples. The resulted diffraction patterns match very well with the crystal structure of cubic SrTiO 3 (JCPDS No. 73-0661). Interestingly, a close examination shows that the increase of ratio of diffraction peak intensity I (220) /I (200) from 0.31 for the cube to 0.37, 0.43, and 0.47 for the series of truncated rhombic dodecahedra, indicating the increasing of the exposed {110} facets ratio 20, 21 . To study the adsorption behavior of proteins on SrTiO 3 polyhedral nanocrystals, we put truncated rhombic dodecahedral SrTiO 3 nanocrystals, which contained both {100} and {110} facets, into protein solution. Figure 2 shows SEM images of typical SrTiO 3 truncated rhombic dodecahedra after treated by proteins, respectively. Surprisingly, all the proteins achieve high packing density on the {100} facets of truncated rhombic dodecahedra, while {110} facets adsorb nothing. To determine the adsorption of protein on nanocrystals, we compare the concentration of protein before/after adsorption by measuring the optical density (OD) values. In comparison of A and B in Supplementary Figure S4 , the constant of OD values of the protein solution without addition of nanocrystals before/after centrifugation indicates that protein can not be centrifuged down. In contrast, the OD values of the protein solution (the supernatant after centrifugation) with addition of nanocrystals significantly decrease, which suggest the adsorption of protein on nanocrystals. Evidence for the adsorption of salmine on SrTiO 3 nanocrystals is also obtained by Fourier transform infrared (FTIR) experiments. As shown in Figure 3b , the adsorption bands appeared at 1660 cm 21 22, 23 . And the intense band at 1084 cm 21 can be attributed to the arginine of salmine 24 . By comparison with the spectra of salmine after adsorption on SrTiO 3 nanocrystals (Figure 3a) , the shift of amide I adsorption band to 1655 cm 21 (a-helices), which is also attributed to the carbonyl stretching frequency to interaction with the surface 25 , and the diminishing of the bands at 1452 cm 21 and 1242 cm 21 as well as the increase in the ratios of amide I/amide II, suggest a strong interaction of salmine with SrTiO 3 nanocrystal and thus the conformational change of protein structure 26 . Furthermore, two apparent bands at 1155 cm 21 and 1076 cm 21 in Figure 3a , which can be assigned to asymmetrical and symmetrical stretching vibration of S5O, respectively, also reflect the interaction between salmine and SrTiO 3 nanocrystal surface. The bands at 858 cm 21 , 617 cm 21 (also can be assigned to amide IV of protein) and 544 cm 21 , which are associated to the stretching of Ti-O-Ti of SrTiO 3 nanocrystal 27 , are also observed in Figure 3a . We further investigate the facet-specific adsorption behavior of protein on SrTiO 3 polyhedral nanocrystals by using high angle annular dark field scanning transmission electron microscopy (HAADF-STEM). The increased first then decreased signal of U and N elements of linescan energy dispersive X-ray spectroscopy (EDS) profiles at the interfaces further verify the facet-selective adsorption of proteins on the {100} facets, while the {110} facets absorbed nothing, (see Supplementary Figure S5 ). The distinct proteins adsorption selectivity on various facets of SrTiO 3 polyhedral nanocrystals indicates that the facet-selectivity could be a general route to control various proteins on various nanocrystals.
According to the previous investigations of protein-nanoparticle adsorption, some factors, such as surface atomic structure, chemisorbed functional groups and adsorption conditions, affect the adsorption behavior [28] [29] [30] . Among these factors, functionalization of nanoparticles with organic molecules, such as poly(ethylene glycol) (PEG), is a popular way to reduce protein adsorption 31, 32 . In this work, 1,3-propanediol, an alcohol molecules, is used during synthesis process. Infrared spectrum analysis shows that the final products have no organic residuals after calcination process. Therefore, the influence of alcohol molecules on protein-nanocrystal interaction could be ruled out. Additionally, the selective adsorption of proteins on the {100} facets of SrTiO 3 nanocrystals is almost not affected by other protein treatment conditions, such as temperature and solvent, based on the comparative experiments carried out at different temperature and using water as the solvent, respectively.
Since the above mentioned factors are not responsible for the distinct protein adsorption selectivity on {100} and {110} facets of SrTiO 3 polyhedral nanocrystals, it is reasonable for us to point the origin of the selectivity is the facet-selective protein adsorption, which is related to intrinsic difference of the surface atomic structures of the {100} and {110} facets of SrTiO 3 . Chiu et al. reported that facet-selective binding peptides as regulating agents for the synthesis of Pt nanocrystals with selectively exposed facets 33 . When conjugated with a-chymotrypsin (ChT), the estimated surface coverage of Au nanocube with {100} facets is 1-2 times more than that of Au nanooctahedra with {111} facets 34 . These previous reports have large difference from the present results that the protein fully cover {100} facets of SrTiO 3 nanocrystals, but none for {110} facets. Furthermore, fundamental understanding of protein-nanoparticle interaction mechanism at the molecular-level is largely incomplete and under considerable debate. Our Molecular Dynamic (MD) simulations of BSA adsorption on {100} and {110} facets of SrTiO 3 only predict that former has higher protein coverage probability than the latter, which does not describe the fact of no protein-coverage on {110} facets. Some researchers have suggested that the formation of structured or tightly bound water at the interface may play a critical role in determining surfaces for their ability of adsorption of proteins from solution because the interfacial water molecules provide a physical barrier preventing direct contact between protein and surface [35] [36] [37] [38] . Theoretical modeling for the structure of interfacial water molecules onto surfaces also helps better understanding of protein adsorption behavior [39] [40] [41] . To gain insight into the facet-selective adsorption of proteins onto the facets of SrTiO 3 nanocrystals, we carried out atomistic MD simulations to explore the structures of the interfacial water molecules onto the {100} and {110} facets of SrTiO 3 . Figure 4a , b show the interfacial water structures on the {100} and {110} facets of SrTiO 3 according to the trajectory of the last nanosecond in each system. The interfacial water structures are highly influenced by the underlying nanocrystal's atomic structures. For the {100} facet, a random arrangement of interfacial water molecules on the surface is observed, as shown in Figure 4a . On the other hand, for {110} facet, water molecules are capable of entering the lattice structure of SrTiO 3 by occupying the Sr atomic vacancies with highly ordered orientation and forming a water ''shell'' on the {110} facet of SrTiO 3 , as illustrated in Figure 4b . The distinct difference in the behavior of the SrTiO 3 water interface can be attributed to the difference of surface atomic structure of the {100} and {110} facets. Interestingly, the water structures with highly ordered orientation are tightly bounded on {110} facet, i.e. forming a stable surface hydration layer, which is supported by the potential of mean force (PMF) for stability calculations for water molecules transferring from SrTiO 3 surface into bulk water (Figure 4c, d) . The calculation results show that the free energy (DF) for bulk water molecules transferring to the surface of {100} facet (26.5 kJ/mol) is comparable to that of {110} facet (23.8 kJ/mol), which suggests that thermodynamical stability of the water layers on the {100} and {110} facets has no significant difference. Surprisingly, the energy barriers (E b ) relevant to the {100} and {110} facets exhibit great difference. There are four energy barriers for the water molecules transferring from SrTiO 3 {110} facet into bulk water and the barrier height (E b1 , 22.3 kJ/mol; E b2 , 2.3 kJ/mol; E b3 , 16.7 kJ/mol; E b4 , 3.9 kJ/mol) is remarkably higher than that from {100} facet (E b1 , 19.0 kJ/mol; E b2 , 2.0 kJ/ mol) (Figure 4c, d) , which indicates that the interfacial water structures on the {110} facet is far more still than that on the {100} facet. According to the experimental observations by Chou et al. 42 and the theoretical calculations by Jiang et al. 43 , the immobile surface hydration layer plays a role of barrier to effectively prevent protein adsorption, which can explain much stronger protein adsorption affinity for the {100} facet in our experimental results, selective protein adsorption on the {100} facet, but none on the {110} facet. The MD simulations provide detailed insights into the role of the interfacial water in determining the protein adsorption behavior.
Conclusions
In summary, the proteins, such as bovine serum albumin (BSA), porcine immunoglobulin G (IgG) and salmine, attain high packing density on the {100} facets of truncated rhombic dodecahedra, while {110} facets adsorb nothing. The distinctly different proteins adsorption behavior between the {100} and {110} facets of SrTiO 3 might be attributed to the distinctly different behavior of water moleculesbinding properties of these two facets. Molecular dynamics (MD) simulations indicate the immobile surface hydration layer might play a role of barrier to effectively prevent protein adsorption on specific {110} facet. The distinct proteins adsorption selectively on the facets of SrTiO 3 polyhedral nanocrystals indicates that the facet-selectivity could be a general route to control other proteins on the other nanocrystals.
Methods
Synthesis of SrTiO 3 nanocrystals. In a typical synthesis, 0.265 ml of TiCl 4 (aladdin, 99%) solution is dropwised into 25 ml of the 1,3-propanediol solution that is cooled in an ice bath. After stirring for 5 min, 30 ml of 3 M LiOH (aladdin, 98%)solution and 10 ml of 0.24 M SrCl 2 (aladdin, 99.5%) solution are added subsequently. After stirring for another 30 min, the resulting solution is transferred to a Teflon-lined autoclave and heat at 180uC for 48 h. After the reaction, the resulted precipitate is centrifuged and rinsed using water and ethanol, then dried at 70uC for 12 h. Finally, the dried samples are heated at 600uC to remove organic residue.
Adsorption of proteins on SrTiO 3 nanocrystals. We selected simple cubic perovskite oxide SrTiO 3 nanocrystals as model, since its surface atomic-level and electronic structure has attracted continuing interest 44, 45 , and thus can facilitate our understanding the facet-dependent protein adsorption behavior. To investigate the adsorption of proteins to the facets of SrTiO 3 nanocrystals, 1 ml of 5 mg/ml SrTiO 3 nanocrystals solution is added to 5 ml 1 g/l protein solution in phosphate buffered saline (PBS, pH 7.4) at 37uC for 12 h. The collected sample is centrifuged and then dried at ambient air.
MD simulations of the interfacial water structures on {100} and {110} facets. Considering that the atomic surface structures of SrTiO 3 nanocrystals are synthesis dependent 46 , we use spherical aberration (Cs) corrected TEM to determine the surface atomic structures of SrTiO 3 (001) and (110) facets (see Supplementary Figure S6 ). The results indicate that the surface compositions of the atomic layer of (100) and (110) surfaces are TiO 2 double-layer 46 and a Sr deficient TiO layer 47 , respectively. A 20-ns MD simulation is performed for each SrTiO 3 facet in water molecules system. The facets modeled slabs are set parallel to the x-y plane. Each system is immersed in a rectangular box. The box dimensions in the x and y directions fit the crystal parameters of the facets, thus creating infinite slabs in the x-y plane 40 . The boxes are filled with water molecules and the facets are frozen during the simulations. All simulations are performed in the canonical (NVT) ensemble with the Gromacs program package 48 . The SrTiO 3 parameters are supplemented, in which the LennardJones parameters of Sr, Ti and O atoms are obtained from fitting to the Buckingham potentials (Supplementary Table S1 ) 49 . For the water molecules, the SPC/E (extended simple point charge model) model is employed 50 . The particle mesh Ewald method is used to describe the long-range electrostatic interactions with a cutoff of 12 Å 51 . Lennard-Jones interactions are truncated between 10 Å and 11 Å with a smooth switching of the potential. The temperature is maintained at 310 K by using a NoseHoover thermostat 52 . A time step of 2 fs is used and the trajectories are saved every 10 ps for analysis. To calculate the potential of mean force (PMF) of water molecules, the probability distribution of water molecules (approximately represented by the oxygen atoms) g(j) along z-axis direction is calculated using Eq. (1): g(j) 5 ,r(j)./ ,r., where ,r(j). is the local density of the water molecules at the z-axis coordinate j, and ,r. is the bulk density of water molecules. Then PMF(j) is calculated based on g(j) using Eq.(2): PMF(j) 5 2RT ln g(j).
